Objective: Widespread functional and structural alterations in the brain have been extensively reported in unaffected relatives (RELs) of patients with bipolar disorder (BD) who are at genetic risk for BD. A sufficiently powered meta-analysis of structural (sMRI) and functional magnetic resonance imaging (fMRI) alterations in RELs is still lacking.
| INTRODUC TI ON
Epidemiological studies have demonstrated that bipolar disorder (BD) runs in families, with an estimated heritability of 60%-80%.
In particular, the offspring of patients have a tenfold higher risk to develop BD relative to the general population. 1 Given this genetic contribution, the identification of intermediate phenotypes, 2 which are simpler biological constructs than the diagnosis itself and that are associated with the pathophysiology of BD and are more frequent in individuals at risk for the disorder, could critically contribute for the elucidation of its genetic basis. Indeed, first-as well as second-degree relatives (RELs), to a lesser extent, harbor some of the genes as they share on average 25%-50% of their affected relative alleles, including those associated with the risk of developing BD. In addition, they are free of confounding factors related to the disease status itself. Therefore, studying healthy RELs of patients with BD could help to address the question of whether a phenotype found in patients with BD is associated with the risk for BD itself. Within the intermediate phenotypes, the neuroimaging measures, which are located in between molecular and behavioral levels, map onto specific neurobiological processes thus offering a powerful window to the pathophysiology of BD.
A large body of literature has indicated brain structural alterations in BD, including volumetric reductions of the whole-brain and of the prefrontal lobes, 3 and increased volume of the temporal lobes and putamen. 4 A recent meta-analysis reported gray matter volume (GMV) reductions in limbic and cortical areas, including the precentral gyrus, the anterior cingulate (ACC) and the left inferior frontal gyrus (IFG). 5 Furthermore, a meta-analysis on pediatric and adult patients with BD showed a modulatory effect of age on the volume of the amygdala. 6 Abnormal brain activity has also been reported in BD. To this regard, a recent meta-analysis of task-based fMRI studies in BD 7 has identified hypoactivation in IFG and putamen, along with hyperactivation in the limbic system and the striatum. Of note,
IFG hypoactivation was present in manic state, but not in depressed and euthymic phases. Moreover, when grouping by task type, the authors found reduced IFG activation during performance of both cognitive and emotional paradigms, while limbic hyperactivation was mainly related to emotional processing.
Similarly, another meta-analysis of fMRI studies investigating emotional processing in BD 5 Nevertheless, the heterogeneity of the imaging findings limits their importance for the understanding of the pathophysiology of BD. The inconclusiveness of these results could be partly explained by confounding factors such as age, medications, drug abuse, smoking status, and illness duration 8 that are not present in unaffected individuals who are at risk for BD. In keeping with that, recently, the neuroimaging research has started to investigate brain structure and function in RELs to identify intermediate phenotypes for
BD. The only meta-analysis on brain imaging alterations in RELs was performed in 2012 and indicated increased activation in the dorsal and medial prefrontal cortex and insula, irrespective of the fMRI task, and the absence of volumetric differences in RELs compared to healthy controls. 9 Unfortunately, the literature available at that time was small (4 fMRI, 2 VBM studies), and the meta-analytic methods did not include anisotropic kernels that have a higher accuracy in recreating spatial effect size maps, thus limiting the relevance of these findings.
To identify neuroimaging intermediate phenotypes associated
with BD, we systematically reviewed the extant published MRI studies by July 2017 on unaffected first-and second-degree RELs compared to normal controls. First, we investigated the whole-brain task-specific and global functional differences in brain activation during fMRI, as well as structural changes. Second, we investigated regional as well as global brain volumetric differences. Third, we wanted to identify the spatial overlap between structural and functional abnormalities.
| ME THODS

| Article selection and classification
We conducted a systematic research of the published literature on or before July 2017 using PubMed, Scopus (ie, the total number of volumetric studies included is greater than the total number of volumetric papers).
A total of 69 studies were selected ( Figure 1 ; see Tables 1-3 for sociodemographic characteristics of the studies included in fMRI, VBM and volumetric meta-analyses, respectively; see Supplementary materials S1.2 for a full list of the studies included in this meta-analysis):
• Twenty-nine fMRI studies on 779 relatives and 1086 control subjects that included 19 cognitive studies (7 executive functions, 7 memory, 2 verbal fluency, 2 emotional regulation, and 1 attention), 5 affective studies (emotional processing), 4 reward studies, and 1 theory of mind study.
• Thirteen VBM whole-brain studies on 509 RELs and 656 HCs;
• Fifteen ROI studies on 447 RELs and 634 HCs that included: 19 amygdala; 8 hippocampus; 3 subgenual cingulate; 6 striatum; 4 thalamus; and 3 pituitary gland studies.
• Twenty-three GBV studies on 730 RELs and 1178 HCs that included 11 total GMV, and 20 whole-brain volume studies.
Of those, only eight fMRI, four VBM, four ROI and seven GBV studies were performed in child RELs. Although sufficiently powered meta-analyses when stratifying for each kinship degree could not be performed for the small number of studies, we performed exploratory meta-analyses separately for siblings and twins (see supplementary materials S2.3). fMRI and VBM studies were analyzed using a randomeffects (RE) Coordinate-Based Meta-Analysis (CBMA), where effectsize maps are constructed starting from the coordinates of the foci reported in the imaging studies. In this paper, we refer as "volumetric meta-analysis (VMA)" to the meta-analyses on the studies investigating GBV, (ie, total GMV, intracranial volume and total brain volume)
and ROI (extracted with hand-traced, semi-automated, or automated methods), but not morphometric whole-brain CBMA. VMA were estimated using RE and fixed-effects (FE) meta-analytical approaches. All the studies were evaluated for quality with an Imaging Methodology Quality Assessment Checklist (see Table S2 ). For both CBMA and VMA meta-analyses, we estimated the robustness of our results computing heterogeneity and sensitivity measures. Heterogeneity, an estimate of the variability of the measurements across studies, was calculated using Cochran's Q-statistic, which is the sum of the weighted squared deviations of individual study estimate from the pooled meta-analytic estimate. Sensitivity was assessed with a leave-one out approach to exclude that our findings were driven by a single study.
| CBMA (fMRI and VBM)
First, we performed a meta-analysis per each fMRI paradigm: cognitive, affective, reward and theory of mind (this category was excluded as only one eligible study was identified). Then, we conducted a global meta-analysis lumping all the fMRI studies. Third, we stratified the fMRI global meta-analyses by age, using the sample mean age of 19 years to distinguish between child and adult participants, and performed a meta-analysis for each age group.
Similarly, for VBM studies we performed a global meta-analysis of all the studies available, and then stratified by age. All CBMA analyses included only contrasts testing the effect of BD risk (RELs > HCs and HCs < RELs) using anisotropic effect-size-based Seed-based d
Mapping v4.31, (AES-SDM, 10 ). Relative to other CBMA approaches, SDM uses peak coordinates weighted by the effect-size maps to recreate meta-analytical maps for each contrast, thus identifying both positive and negative differences at the same time (eg, increased and decreased task activation or volume for fMRI and VBM respectively). Furthermore, the use of anisotropic kernels increases the robustness of the estimates with respect to the distance from the peak coordinates thus improving spatial sensitivity. 10 were extracted from significant peaks, tested for publication bias using Egger's test and displayed using funnel plots. For each metaanalysis, whole-brain Q maps were calculated and voxel-wise tested for significance (P < 0.005, |SDM-Z| > 1) against the between-study variance resulting from the sampling error alone. Sensitivity analyses results are reported as the number of times that a cluster remained significant after removing one study at the time. The percent of voxels showing significant heterogeneity for each cluster along with the sensitivity of the results are reported in Tables 4-6 .
| Multimodal CBMA
To test whether abnormalities in brain activity could be asso- BD, Patients with bipolar disorder; F, female. Age is expressed in years and reported as mean (standard deviation). Quality score was assessed using the Imaging Methodology Quality Assessment Checklist (see Table S2 ).
| VMA (ROI and GBV studies)
The following volumetric ROIs were analyzed: amygdala (N = 19), hippocampus (N = 8), subgenual cingulate (N = 3), striatum (N = 6), thalamus (N = 4), and pituitary gland (N = 3). GBV studies investigated total GMV (N = 11), intracranial volume (N = 10) and wholebrain volume (N = 11). A volume could enter a meta-analysis when a minimum of three included studies was available. First, we calculated the standardized mean difference (SMD) for each study and its variance. Then, we ran a meta-analysis for each volume across all the studies. We also meta-analyzed amygdala volume per each age group following the findings of a meta-analysis in BD. 6 Furthermore, we performed exploratory meta-analyses for the other VMAs per each age group. For each meta-analysis, we calculated separately the overall effect size as SMD, 95% confidence interval (CI) of the effect of BD kinship using both a RE and FE models. Statistical significance was evaluated using a Z-test, with a threshold of P < 0.05. Heterogeneity was tested using Cochran's Q statistics, and its magnitude was estimated using I 2 index, computed as 100% × (Q − df)/Q, where df are the degrees of freedom, that estimates the proportion of variability due to nonrandom differences between studies. Sensitivity was calculated as the number of times that a volumetric difference remained significant (P < 0.05) after removing one study at the time for both FE and RE models. All VMA meta-analyses were performed using R (https:// cran.r-project.org/).
| RE SULTS
| CBMA of functional studies
We found specific differences in brain activity across fMRI paradigms (Table 4) The global functional imaging meta-analysis (Table 5) BD, Patients with bipolar disorder; F: female. Age is expressed in years and reported as mean (standard deviation). Quality score was assessed using the Imaging Methodology Quality Assessment Checklist (see Table S2 ).
reward as well as about 50% of the spatial extent of the clusters in the caudate, ACC, and SFG in adult studies showed heterogeneity (Tables 4 and 5 ). All the meta-analytic results for fMRI showed a sensitivity >75% except those for child RELs and for reward studies (50%).
3.2 | CBMA of structural studies (Table 6) GMV was increased in the right IFG and in the left STG, and reduced in right lingual gyrus in RELs compared to HCs ( Figure 3A ). Adult
RELs showed increased volume in the right IFG, in the left STG and BD, Patient with bipolar disorder; DZ, dizygotic; F, female; GM, gray matter; ICV, intracranial volume; MZ, monozygotic; NA, Not available; SD, standard deviation; Amy, amygdala; HP, hippocampus; sgCC, subgenual cingulate; TBV, total brain volume. Age is expressed in years and reported as mean (standard deviation). Quality score was assessed using the Imaging Methodology Quality Assessment Checklist (see Table S2 ).
in the left cerebellum ( Figure 3B ), while child RELs showed increased volume in the left PHG along with decreased volume in the right cerebellum, in the right SFG and in the MFG compared to age-matched HCs ( Figure 3C ). Heterogeneity was present in 50% of the right IFG cluster. All the meta-analytic findings for GMV showed a sensitivity >75%.
| Multimodal CBMA
We found a statistically significant overlap between functional and structural changes in the right IFG (BA47, x = 44, y = 28, z = 1.00, k = 962, |SDM-Z| = 1, P height < 0.00025, P cluster < 0.0017, Figure 4) with greater GMV along with increased activation during cognitive fMRI tasks. We did not find any significant result for the other two multimodal meta-analyses.
| VMA
Amygdala volume did not differ across diagnostic groups (FE, P = 0.08; RE, P = 0.16) and this analysis showed a severe heterogeneity (I 2 = 52%, P = 0.03) when pooling across all the studies irrespective of age. When investigating single age groups, we found that the amygdala was hypotrophic in adult RELs (I 2 = 44%, P > 0.1; 
| D ISCUSS I ON
Our findings indicate a pattern of structural and functional brain changes in unaffected relatives of patients with BD. In the global fMRI meta-analysis, activation was increased in ACC and amygdala, and reduced in parietal cortex. In particular, RELs showed abnormal activation in prefrontal-striatal and temporal regions during cognitive processing, in amygdala and occipital cortex during emotional processing, and in the prefrontal cortex during reward processing, respectively, compared to HCs. RELs also displayed increased GMV in fronto-temporal areas and reduced volume of the occipital cortex. Interestingly, amygdala volume was greater in adult RELs relative to HCs. Finally, increased activation during cognitive processing in the rIFG overlapped with increased GMV in the same area.
To delineate the possible role of these changes in the risk for the disorder, we will discuss the brain changes in RELs with relationship with BD literature.
| Brain changes in RELs similar to patients with BD
Consistently with our findings in RELs in the global fMRI metaanalysis, reduced parietal cortex activation has been reported in BA, Brodmann area; Heter., heterogeneity; k, extent of heterogeneity cluster in percent of the overall cluster; MNI, Montreal National Institute; n.s., nonsignificant; SDM-Z, SDM-Z scores, a measure of effect size. Clusters with P < 0.005, |SDM| > 1, and an extent threshold of 10.
TA B L E 4 Activation differences per task between unaffected relatives of patients with Bipolar disorder and healthy controls during fMRI
BD during cognitive 12 and emotional processing. 13 Parietal cortex is mainly involved in attentional processes, with the dorsal part involved in goal-directed attention, and the ventral part in orienting the focus of attention to behaviorally salient stimuli, respectively. During reward processing, we found an increased activation in the medial OFC and in the aPFC. The OFC has been involved in stimulus evaluation, stimulus-reward associations and behavioral responses caused by external occurring changes. 17 Studies in patients with BD demonstrated increased OFC activation 18, 19 that may indicate heightened reward sensitivity. However, the paucity and the heterogeneity of studies on reward in RELs limit the validity of these findings.
Structural studies showed a pattern of increased gray matter volume in rIFG, STG and lingual gyrus in RELs consistent with BD literature. Although some negative results have been reported, a meta-analysis confirmed increased GMV in these regions in BD. 20 The rIFG may have an important role in BD pathophysiology for its modulation of cognitive control, impulsivity and emotional regulation (see below). Although the STG contribution to facial emotional perception and in social cognition 21 may suggest a role of this region in BD, increased, 22 reduced 23 or similar volume has been reported in patients. 22 These inconsistencies make it difficult to conclude on the role of this structural change for the risk for BD. Lingual gyrus plays an important role in visual memory and in language. 24 Abnormal morphometry in this region has been reported in BD, 25 and may reflect altered visual processing and memory observed also in RELs. 26 Our meta-analysis on whole-brain morphometric studies in RELs revealed an increased GMV in the rIFG and in the lSTG. A previous meta-analysis on VBM studies of GMV in patients with BD, reported similar results thus confirming the role of reduced GMV in these regions in the genetic vulnerability to BD. 
| Brain changes unique to RELs
RELs had increased activation in the ACC during fMRI tasks. In particular, the vACC had increased activation during fMRI tasks, BA, Brodmann area; Heter., heterogeneity; k, extent of heterogeneity cluster in percent of the overall cluster; MNI, Montreal National Institute; n.s., nonsignificant; SDM-Z, SDM-Z scores, a measure of effect size. Clusters with P < 0.005, |SDM| > 1, and an extent threshold of 10.
TA BA, Brodmann area; Heter., heterogeneity; k, extent of heterogeneity cluster; MNI, Montreal National Institute; n.s., nonsignificant; SDM-Z, SDM-Z scores, a measure of effect size. Clusters with P < 0.005, |SDM| > 1, and an extent threshold of 10. projections from the amygdala 27 and can contribute to the processing of external emotionally salient events. 28 Conversely to RELs, the vACC activity is reduced in BD during positive and negative facial emotional processing irrespective of the mood state. 29 Also, the activation of dACC during cognitive tasks is reduced in BD. 30 These regions plays an important role in cognitive control, including attention and response inhibition that are altered in patients and their relatives. 31 During cognitive tasks, the activation in the rIFG, ventral caudate and MTG/STG was increased in RELs. These regions are involved in cognition, including response inhibition, with the rIFG acting together with the caudate, the presupplementary motor area, and the subthalamic nucleus. 32 Hypoactivation of the IFG during response inhibition has been reported in BD not only during the manic state, 33 but also during euthymia, 34 suggesting that this activity may contribute to increased inter-episodic impulsivity. Ventral caudate can contribute to task switching and inhibitory control. 35 In patients with BD, reduced caudate activation in its dorsal part co-occurred with IFG hypoactivation during cognitive control 36 and sustained attention tasks, 37 thus suggesting a wider dysfunction of a prefronto-striatal network that may underlie cognitive and emotional processing alterations in this disorder. Furthermore, the MTG/STG is functionally connected with the amygdala and plays a role in emotional processing and social cognition. Contrary to RELs, patients with BD show reduced STG activation during emotional processing compared to HCs 38 and this has been associated with emotion evaluation and modulation impairments seen in these patients.
We also found in RELs an increased activation in the MOG during emotional processing. This region is involved in the early processing of visual stimuli and may contribute to visual emotional processing.
Conversely to RELs, studies in patients with BD show a reduced activation in this region during facial emotional processing. 39 Brain changes in RELs showed an age-specific pattern.
Activation and GMV increases in adult RELs overlapped with the pattern of brain regions identified across all ages. Also, we found an age-dependent modulation of amygdala volume, with reduced volume in adult but not in child RELs. Consistently, a large multicenter imaging study confirmed amygdala atrophy in adult BD 40 and studies in youths with BD have reported similar findings. 41 The negative VMA results in amygdala in child RELS may indicate neurodevelopmental changes associated with the risk, but the small number of studies limits the reliability of this result.
Notably, child RELs only showed both increased activation and GMV in the PHG, thus suggesting developmental differences in brain regions associated with emotional face processing that have been reported in pediatric BD. 39 Although few articles on child and adolescent BD offsprings were included in this study, child Overall, the brain changes identified in our meta-analyses in RELs could be associated with different mechanisms underlying BD:
predisposition, resilience, and disease expression. 44 The neural substrate of predisposition, which is associated with the genetic load for the disorder, 1 is consistent in RELs and patients, and may include altered activation in parietal cortex across all fMRI tasks and in OFC during reward, and the amygdala during emotional processing together with increased brain volume in rIFG and STG. Most interestingly, a recent report on the volumetric changes in BD indicated that, within the rIFG, the surface area of the pars triangularis, which is strongly modulated by the genetic variants associated with the risk for BD, showed the greatest increase in both RELs and patients with BD. 45 Previous studies in other psychiatric disorders (eg, schizophrenia, autism, etc.) have suggested that cortical volume increases may reflect aberrant neurodevelopment with altered synaptic remodeling (eg, reduced synaptic pruning). 45 On the other hand, resilience is a neural process whereby an adaptive response at different levels, including molecular and psychological events, can compensate the negative effects of predisposition and disease expression mechanisms. Resilience mechanisms are present in RELs but not in their affected relative counterpart, thus preventing the full-blown disease onset. In our findings, increased activation in ACC, rIFG, caudate and MTG during cognition, increased activation in MOG could contribute to the resilience to BD. All these regions have a role in exerting cognitive control, memory and cognitive functions, which are altered in BD. 31 Notably, increased brain activation was the common neural mechanism underlying resilience to BD across different circuits. This process is not specific for BD and has been reported in those conditions with a reduced cortical region efficiency, including aging and schizophrenia. 46 In BD, this process could represent an adaptive response to impaired cellular and synaptic function associated with the vulnerability for the BD. 47 The neural correlates of disease expression are those neural changes present in patients but not in their RELs which are thought to be associated with the onset of disease itself. Within the present study (which is limited to those changes present also in RELs), we found that activation in rIFG during cognitive control and in MOG during emotional processing was reduced in patients but increased in RELs. A previous study in euthymic patients with BD during a cognitive task found similar results in rIFG. 36 Furthermore, other studies have shown reduced activity of rIFG during manic episode. 48 Overall, our findings suggest that structural and functional changes in rIFG may be crucial for different brain mechanisms underlying the pathophysiology of BD. Indeed, hypertrophic IFG contributes to the predisposition for the disorder, but this is not sufficient to develop the disorder itself. If individuals at risk are able to recruit the hypertrophic rIFG (structural and functional changes overlapped) to a greater extent during cognitive performance, they may not develop the disorder. On the contrary, if they fail to do so they may manifest the full-blown disease.
Some limitations have to be acknowledged: although converging across modalities, few studies on child RELs were available, thus warranting further confirmation. Furthermore, the cross-sectional nature of the studies examined does not allow to draw conclusions on the developmental pathway of the observed changes and on the possible transition to BD of RELs. Furthermore, another limitation intrinsic to the meta-analytic approach is the heterogeneity of the results, which could derive from methodological differences across the studies, including imaging acquisition and analysis pipelines, clinical assessment (eg, comorbidity with other psychiatric disorders, BD type) and small sample sizes. Nonetheless, our estimates of heterogeneity and replicability of the findings support the validity of the significant results here reported. 
